ABSTRA CT Thrombin binds with high affinity to specific cell-surface receptors on washed human platelets. We present experiments indicating that thrombin binding correlates with the release reaction when binding is perturbed by anions. Marked differences in the affinity of human "I-thrombin for platelets were observed in various isotonic buffers at pH 7.4. At low concentrations of thrombin (0.001-0.01 U/ml), binding was 5-fold greater in Tris-sodium acetate and 12-fold greater in Tris-sodium cacodylate than in Tris-sodium chloride. These anion-induced changes in "I-thrombin binding paralleled changes in ['4C] serotonin release when both parameters were measured in the same platelets. Thus, equivalent release occurred for equal amounts of thrombin bound in all buffers, even though the thrombin concentration varied by up to 30-fold. After approximately 100 molecules of thrombin bound per platelet, complete release occurred in all buffers in 2 min. The effect of anions was specific for the thrombinreceptor interaction as there was no corresponding effect on the binding of erythroagglutinating phytohemagglutinin (E-PHA) to platelets nor on E-PHA or collagen-induced serotonin release. The various anions did not alter platelet morphology as judged by electron microscopy. The anions had no effect on thrombin esterase catalytic activity. In addition, the total number of thrombin receptors per platelet was approximately the same in all buffers. Thus anions alter the affinity between platelet thrombin receptors and a site on thrombin distinct from the catalytic site. We conclude that the thrombin receptor is essential for thrombin-induced platelet reactions.
INTRODUCTION
We have previously reported that washed human platelets bind both human and bovine thrombin with high affinity' (1) . Two types of binding were observed with thrombin of both species; high affinity binding (KdI s-0.02 U/ml) of a small amount of thrombin (a 500 molecules/platelet) and a larger amount of thrombin binding of lower affinity (Kdiss -2 U/ml) with 30,000-50,000 thrombin molecules binding per platelet at saturation. The amount of thrombin required to induce 50% ["C] serotonin release in this system is about 0.03-0.1 U/ml while the amount of thrombin required for 50% inhibition of adenylate cyclase activity or release of the thrombin-sensitive protein (2, 3) or for maximal stimulation of protein phosphorylation (4) is about 0.2-0.4 U/ml. Thus, full saturation of thrombin receptor sites occurs at concentrations 10-fold higher than required to elicit the physiological response of platelets.
The explanation for this discrepancy is unknown, but a similar situation exists with respect to receptors for glucagon and insulin. It remains to be established that the binding which we have observed actually reflects a part of the physiologic response of platelets to thrombin.
In the present study we have attempted to correlate changes in thrombin binding with changes in the release of ["C]serotonin. We have found striking alterations in thrombin binding when binding experiments were carried out in buffers containing different anions. The changes in binding correlate closely with changes in the sensitivity of platelets to thrombin-induced serotonin release. The anion-induced changes are specifically related to thrombin's interaction with the thrombin receptor of platelets since anions have no effect on serotonin release 1 Shuman, M. A., D. M. Tollefsen, and P. W. . The binding of human and bovine thrombin to human platelets. Blood. In press. induced by either erythroagglutinating phytohemagglutinin (E-PHA)2 of kidney beans or collagen. (5) .
METHODS
Preparation of platelets. Platelets were prepared from freshly drawn blood as described (1) and used within 6h.
Purification and iodination, of thrombin. Human thrombin was purified from Cohn fraction III paste (American Red Cross, National Fractionation Center, Bethesda, Md.) by the method of Fasco and Fenton (6) , except that Australian Taipan snake venom was used to activate prothrombin (7). The thrombin was homogeneous based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Clotting activity was 2,300-2,700 U/mg of protein and was determined by the method of Fenton and Fasco (8) .
The thrombin concentration was estimated by measuring ultraviolet absorbance at 280 nm assuming E2801% = 16.2 (9) . The molecular weight of thrombin was assumed to be 36,000 (10) .
Thrombin was iodinated with ['251 ] sodium iodide using a modification (1) of the chloramine-T method as described by Hunter (11) . Iodinated thrombin was stored at -20'C and used within 4 days except when the specific activity was high (5 X 105-1.5 X 106 cpm/U) in which case it was used on the same day that it was iodinated.
Binding of throwbin to platelets. Platelets (0.5 X 108) were incubated with 'I-thrombin (2 X 10'-1.5 X 100cpm/ U) in a total volume of 0.5 ml of isotonic buffer solution (pH 7.4 Collagen-mediated ['"C]scrotonbi release. Platelets (5 X 10') were incubated for 20 min at 37°C in 0.5 ml of isotonic buffer containing 0.175 mg of fibrinogen and 0.4-1.34 mg/ml of acid-soluble bovine tendon collagen prepared by the method of Cazenave et al. (13) . After incubation for 20 min, serotonin release was measured as described (1) .
Fibrin monomer polymeirization. The rate of fibrin monomer polymerization was determined by a modification of the method described by Mommaerts (14) . Reaction mixtures contained 3.3 mg of polyethylene glycol, 0.7 mg of fibrinogen, and 0.5 U of thrombin in 0.5 ml of isotonic Tris-saline (pH 7.4). After clot formation, samples were centrifuged for 10 min at 3,500 g, and the supernate was removed. Clots were dissolved by incubating for 10 min in 0.5 ml of 3 M urea at 37°C. The clotting time was then measured after addition of 4.5 ml of isotonic buffer of the various anion types indicated above containing 6.6 mg/ml of polyethylene glycol. Other methods. Serotonin release from platelets (1, 15 ), E-PHA binding to platelets (5), fibrinopeptide release from fibrinogen (16) , and electron microscopy (15) were performed as described previously.
RESULTS

Effect of buffer anions on binding of thrombin to
platelets. We previously measured the binding of bovine and human thrombin to platelets in isotonic Trisbuffered saline' (1) . When buffers containing anions other than chloride were used for binding experiments, marked changes in thrombin binding were observed. At low concentrations of thrombin (0.001-0.02 U/ml) the amount of thrombin bound varied with the particular buffer used. From 3 ). This requirement for relatively high concentrations of cacodylate (> 0.1 Ml) for maximal effect suggests that the mechanism is related to the anion itself rather than to some metabolic effect which might be seen with lower concentrations of cacodylate. Since the greatest sensitivity to thrombin was seen using cacodylate buffer and since this compound is an arsenic salt, we considered the possibility that the effects observed were due to toxicity of sodium cacodylate buffer to platelets. As measured by serotonin release, platelet response to thrombin was less in sodium arsenate than in cacodylate or even chloride (Table I) Although the concentrations of thrombin necessary to induce an equivalent amount of serotonin release were much higher in sodium chloride than in sodium cacodylate (10-fold in this experiment) for a given amount of thrombin bound, the same degree of release was obtained in both anions (Fig. 4) as described previously (5, 15). We observed no difference in binding of E-PHA to platelets (data not shown) or in E-PHA-induced release of serotonin when these reactions were carried out in Tris-buffered sodium chloride as compared to Tris-buffered sodium cacodylate (Fig. 5) . Similarly, anions had little effect on collageninduced serotonin release. In the experiment shown in Fig. 5 , serotonin release was slightly less in Trisbuffered sodium cacodylate than in Tris-buffered sodium chloride. In other experiments, there was no effect of anions on collagen-induced release of serotonin. We conclude that the enhancement of binding of thrombin to platelets and the subsequent increase in serotonin release is a direct result of an alteration in the thrombinthrombin receptor interaction and that there is not a corresponding alteration in the interaction of other release-inducing agents with platelets. These experiments also provide further evidence that cacodylate does not have any toxic effect on platelets.
Effect of anions on thrombin. The above experiments do not distinguish whether the effect of anions is on thrombin itself or on its receptor on the platelet membrane. Thus we studied the effects of anions on other thrombin-catalyzed reactions. The rate of hydrolysis of BAEE by thrombin in chloride and acetate buffers was 4.3 nmol BAEE/U thrombin per min and in cacodylate was 5.2 nmol BAEE/U thrombin per min.
Thus, anions do not have a major effect on thrombin esterase activity. However, significant differences were seen in the clotting of fibrinogen when carried out in these same buffers (Fig. 6) . Thus, clotting was enhanced approximately 3.5-fold in cacodylate and 2.5-fold in acetate. Since these effects are qualitatively similar to the effects observed with platelets, we explored the effect of anions on fibrinogen clotting further to see whether the effect was due to enhancement of the rate of fibrinopeptide cleavage by thrombin or, alternatively, to an increased rate of fibrin monomer polymerization. The rate of fibrinopeptide release when thrombin is incubated with fibrinogen in chloride, acetate, and cacodylate is shown in Fig. 7 . There were no differences in the rate of release of fibrinopeptides, and this result plus the lack of significant effects of anions on esterase activity indicated that anions did not effect the catalytic interaction between thrombin and fibrinogen. The explanation for the variability of clotting seen with different anions appears to be related to their effect on the rate of fibrin monomer polymerization. We measured the rate of polymerization of fibrin monomers after dissolution of newly formed fibrin clots in 3 M urea. The polymerization was threefold faster in acetate and about fourfold in cacodylate as compared to chloride (Table II) . This difference probably accounts for the differences observed in the clotting of fibrinogen, illustrated in Fig. 6 The sensitivity of platelets to thrombin in cacodylate buffer is striking with half-maximal serotonin release occurring from 0.003 to 0.006 U of thrombin/ml. 1 ng of thrombin can be measured with this assay. This bioassay provides an advantage over present relatively insensitive techniques (fibrinogen clotting, thrombin esterase activity) for measurement of low concentrations of thrombin.
The mechanism by which anions effect thrombin binding to platelets is unclear. The total number of thrombin binding sites is unchanged in each buffer, thrombin catalytic activity is not affected, and the total magnitude of the release reaction is unaltered. It appears that anions affect only binding, the first step in thrombin action on platelets, and that the subsequent effects of thrombin proceed unaltered by anion composition of the buffer. By analogy to studies of anions on the binding of substrates to enzymes (20) , it may be that anions compete with various degrees of effectiveness for a positively charged site required for thrombin binding. Although the results presented here do not establish whether the anion effects are on the thrombin molecule or on the platelet membrane, it is clear that anions modify only the interaction of thrombin and the thrombin receptor and have no significant effect on other thrombin-catalyzed reactions.
